We assayed litter and soil samples from a mixed mature hardwood forest for the capacity to incorporate sulfate-sulfur into organic matter and for the capacity to subsequently mobilize the organic sulfur formed. The levels of total S, carbonbonded S, ester sulfate, and free and adsorbed S were also determined. We found seasonal variation in sulfur pool sizes, transformation rates between inorganic sulfate and organic sulfur, and in transformation rates among the organic sulfur pools. Higher incorporation rates were observed with samples having higher contents of carbon-bonded S. Amounts of this form of sulfur in a given horizon may reflect levels of amino acid S and sulfolipid, thus reflecting the level of readily available carbon and energy. During sampling dates when ester sulfate contents were low,organic S mobilization rates were elevated and free and adsorbed S pools increased. These observations support the possibility that ester sulfate in soil may serve as an important supply of sulfur for biological uptake.
. A portion of this accumulation was attributed to microbial incorporation of sulfate-S into soil and forest floor organic matter (Fitzgerald et al. 1983; Swank et al. 1984) . Results of additional work suggest that this process is not unidirectional in these watersheds. Sulfur that has been incorporated into organic matter via covalent bond formation can be mobilized, either as low-molecular-weight organic S components or as inorganic SO 4 2~. The term mobilization ) is used here to describe the solubilization of a previously nonsalt-extractable sulfur pool that may or may not involve S mineralization. The differences between incorporation and mobilization rates for Al horizon soil samples from watershed 18 was considered (Fitzgerald et al. 1987 ) to be responsible for up to 20% of the potential annual S accumulation at Coweeta. Fitzgerald and coworkers (1987) noted further that the Ol, O2, and Al horizons of this watershed contained 1.5, 1.3, and 0.3 mg S g" 1 , respectively, and that >90% of this sulfur was present as organic S in each horizon. Because microbial biomass generally contains <5% of the total S in soil (Saggar et al. 1981; Strick and Nakas 1984) , the majority of sulfur in soil from Coweeta is present outside of living cells as organic S.
Although some attention has been given to potential capacities for organic S formation, the forms of sulfur comprising this organic pool have not been characterized for soil and forest floor components from this watershed. In this study we report levels of organic ester sulfate, carbonbonded S, as well as amounts of free and adsorbed S, in samples collected roughly quarterly for one year. These results are compared with laboratory-derived potentials for SO 4 2~-S incorporation (organic S formation) and organic S mobilization. July 1983 and  August 1984 from a mixed mature hardwood   453   454   STRICKLAND, FITZGERALD, ASH, AND SWANK forest (watershed 18) at the Coweeta Hydrologic Laboratory near Franklin, North Carolina. The predominant soil type is a sandy loam Ashe, a member of the Typic Dystrochrepts. The slope of this catchment is about 50% over a parent material of gneiss. Random samples were collected in triplicate from the 01 (0.5-1 cm thickness), O2 (2-4 cm thickness), and Al (10 cm) horizons at each of 10 (0.01-ha) plots established along a transect of the watershed . The average pH of the samples was 5.0, 5.2, and 6.5 for each of the respective horizons. Samples were sieved (<1 cm) to remove large roots and gravel, and triplicates were pooled by plot and horizon. After mixing.the samples were stored at about 4°C in sealed polyethylene bags until analyzed (usually 1-2 wk after collection).
MATERIALS AND METHODS

Samples were collected between
S incorporation and mobilization A detailed, description of procedures (summarized in Fig. 1 ) can be found in . To allow incorporation of sulfate-S into organic matter, samples were incubated at 20°C for 48 h with 3 X 10 4 Bq of 1 with unlabeled anion. Samples were then extracted with acidic phosphate (pH 4.2) to remove nonmetabolized sulfate. The loss of microflora, which might take place during this extraction, was minimized by the addition of an aqueous extract of untreated parent material, and the samples were reincubated at 20°C for 24 h. This second incubation was terminated by extraction with salt, followed by alkaline oxidation and acid hydrolysis. The percentage of 35 S present in each extract was determined by liquid scintillation counting. Sulfur incorporated into organic matter was determined as 35 S recovered in extracts A plus B (Fig. 1) Although indirect, this method for determining organic S formation and mobilization has been verified directly by field incubation for organic S formation (Strickland et al., 1986a) and by isolation and characterization of the organic S formed from S0 4 2~ (Fitzgerald et al. 1985o) . Moreover, the direct addition of the isolated organic S to all three horizons resulted in mobilization (solubilization and S mineralization) of this fraction after laboratory incubation and field incubation (Strickland et al. 19866 .
Characterization of organic S in situ
Ester sulfate (C-0-S0 3~) was determined with boiling hydriodic acid (HI) by the method of Johnson and Nishita (1952) as modified by Landers et al. (1983) . Total S was determined by hypobromite oxidation followed by HI reduction (Tabatabai and Bremner 1970a) . Because HI will not reduce the C-S (amino acid) or C-S0 3( sulfonate) linkage, carbon-bonded S (amino acid and sulfonate S) was considered to be that fraction of the total S that was not reduced by HI. The amount in this form was determined by difference. For each sampling date, determinations were made individually for samples from each of the 10 plots in the transect, and a watershed mean (n = 10) was calculated for levels of S incorporation and mobilization and for the amounts of total, carbon-bonded, insoluble ester sulfate, and free (soluble) and adsorbed S (sulfate and ester sulfate) present in situ. This latter fraction was obtained by sequential water and phosphate extraction, as described previously (Strickland et al. 19866) . The amount of sulfur in the combined extracts was determined by HI reduction. For sulfur pool sizes expressed as kg S ha" 1 (Al horizon, Table 3 ), the quantity of substrate was estimated as 1.19 x 10 6 kg ha" 1 . Because substrate quantities in the 01 and O2 layers (approximately 3 X 10 3 kg ha" 1 each) vary substantially during the year and were not measured at each sampling period, sulfur pool sizes and transformations are reported on a ng g" 1 basis for these horizons (Tables 1-2) .
RESULTS AND DISCUSSION
With Al horizon samples, significant differences (Table 3) were observed between all pools. Absolute levels of carbon-bonded S followed the same pattern of fluctuation as did levels of total S during the sampling period, increasing from November to February and again from May to August (Table 3) . Although variations in free and adsorbed S may be too great to attach any significance to the small standard errors and relatively large differences in means observed between the lows in November and May and the highs in July and August suggest that there may well be an increase in inorganic SO 4 2~ levels in the summer months. In contrast to the levels of free and adsorbed S, the percentage of total S as insoluble ester sulfate was highest in February and lowest in July and August.
Because the mineral horizons serve as a much larger reservoir of sulfur than do the organic horizons (Table 4) , pool fluctuations in the former horizon should be more representative of overall transformation processes that occur on the watershed. Observations made with organic layers do, however, serve a purpose in estimating effects on S transformations at the process level. There were significant differences in the percentages of total S contributed by individual sulfur species in the 01 and 02 horizons (Tables  1 and 2 ). Seasonal fluctuation in pool size as a percentage of total S indicates changes in transformation rates among pools. Carbon-bonded S was the dominant form of sulfur present in all three horizons at any time during the year (except in the Al horizon during November 1983, Table 3 ). By horizon, the distribution of this different (Tukey's HSD test, P < 0.05); n -10 for each determination and sampling date.
b No significant differences. c Water-soluble and adsorbed S includes inorganic sulfate and ester sulfate. may also include organic S as ester sulfate, conversion of substantial amounts of insoluble ester sulfate to a soluble form may account for this discrepancy during these months. Hydriodic acid reduction will not distinguish this organic linkage from S0 4 2 ", and ion chromatographic determinations indicate that up to 27% of the total S in the Al horizon can be composed of soluble and adsorbed ester sulfate (unpublished results, this laboratory).
Seasonal fluctuations in S0 4 2~-S incorporation and organic S mobilization potentials were also observed (Tables 1-3 ). Further, a relationship may also exist between these rates and sulfur pool size. As mentioned above, fluctuations occurred in the 02 and Al horizons in the percentages of total S contributed by individual pools of sulfur. Of particular interest was the percentage of ester sulfate in the O2 and Al horizons (Tables 2 and 3 ). In both horizons, the ester sulfate content (percentage of total S) was lowest during July and August. This decrease in ester content occurred concomitantly with maximum percentages of free and adsorbed S and with peak organic S mobilization rates (percentage 24 h" 1 ). Taken together these results suggest a net capacity for loss of sulfur from the system during these summer months. The method used here to estimate organic S mobilization (i.e., phosphate extraction to remove SO 4 2~) by necessity created an S0 4 2~ deficiency in the samples. Under these conditions, the only source of sulfur for growth is the organic S pool. This technique may, therefore, be considered to give an estimate of the capacity of these soils to supply S0 4 2 " by drawing on the organic S pools in the event of S0 4 2~ depletion. It is interesting to note that the amount of carbon-bonded S (percentage of total S, Tables 2 and 3) did not change significantly between July and November or between May and August, as did ester sulfate. Thus, it would appear that the ester sulfate pool may serve as an immediate reservoir of sulfur that can be mineralized in response to biological demand. The same observation was made previously for agricultural soils (Bettany et al. 1980 ) and may reflect the ready availability of sulfatase enzymes in soil capable of hydrolyzing these esters (Tabatabai and Bremner 19706; Fitzgerald et al., 19856 . Extrapolation of 48-h incubation values indicates that in the absence of vegetation, a capacity to mobilize approximately 12.9 kg S ha" 1 yr" 1 (or 3.7% of the total organic S, Table 4 ) exists in the Al horizon in response to microbiological demand.
It was noted previously Swank et al. 1984 ) that the mineral horizons incorporate much more S0 4 2~ -S ha" 1 than do the litter layers because of the larger amount of substrate present. Those results were substantiated in this study (Table 4) . However, the rate (jtg g" 1 48 h" 1 ) of S0 4 2~ -S incorporation into organic matter was highest in the Ol layer and decreased in the O2 and Al horizons. Moreover, while the Ol layer exhibited the highest rate of SO/" -S incorporation, this horizon also " n = 50. Values in any row preceeded by an asterisk are not significantly different (Tukey's HSD test, P < 0.05). 6 Percentage of total S.
had the lowest rate of organic S mobilization. The opposite relationship was true for the Al horizon. Further, the horizon with the highest proportion of carbon bonded S (01 layer) exhibited the greatest rate of S incorporation, while the horizon with the highest proportion of ester sulfate (Al horizon) had the highest capacity for organic S mobilization. We suggest that the high levels of carbon-bonded S in the 01 and 02 horizons reflect high levels of amino acid S and plant sulfolipid. Plant protein provides a readily available source of carbon and energy for soil microflora, as do the glucose, glycerol, and fatty acyl units comprising the plant sulfolipid (Harwood 1980) . The higher levels of incorporation in the litter layers than in the Al horizon may reflect higher microbial metabolic rates due to increased availability of carbon-bonded S. Stimulation of SO 4 2~ -S incorporation by carbon and energy sources is well documented (Freney et al. 1971; Fitzgerald et al. 1983; Strickland and Fitzgerald 1985) .
